We developed a three-dimensional finite-difference codes which can simulate the fully triaxial induction tool in a stratified, cross-bedded anisotropic formation. The sensitivity of the fully triaxial induction measurements in cross-bedded anisotropic formation is studied for the first time. The results show that the tensor measurements are sensitive to the formation resistivity anisotropy, formation structural dip as well as formation stratigraphic dip. A nonlinear least square minimization algorithm has been developed to determine the formation parameters in such a situation.
Introduction
For many sedimentary rocks, the depositional process will produce fine bedding planes that are parallel to the structural bed boundaries. These are often alternating rock types, such as sandstone and shale. For these rocks, the conductivity tensor will have a well-defined horizontal conductivity (σ h ) that is parallel to the structural bedding planes, and that is often independent of the direction in that plane. The vertical conductivity (σ v ) is perpendicular to the bedding planes and will be different from σ h . Other depositional environments will produce crossbedding, where the fine bedding is not parallel to the structural bed boundaries. Here the conductivity tensor will be aligned with the crossbedding planes.
Electrical anisotropy in rocks was first discussed by Schlumberger et al. (1934) in the early history of electrical logging. One important result is that many logging tools (including induction tools) only detect the horizontal resistivity in vertical wells. This is called the paradox of anisotropy (Kunz and Moran, 1958) . The effect of the vertical resistivity on induction logging will increase when the relative dip angle between the borehole and the formation bed increase (Anderson et. al., 1990 , Anderson, et al., 1995 . However, the sensitivity is not strong enough to solve for the vertical conductivity using standard induction measurements. The multicomponent induction tool (Kriegshäuser et. al., 2000 , Rosthal et al., 2003 has sensitivity to both horizontal and vertical conductivity.
A fully triaixal induction tool consists of a three orthogonal collocated transmitters and three collocated orthogonal receivers. It acquires a 3×3 tensor measurement which is sensitive to resistivity anisotropy and formation geometry.
So far, the main application of triaxial induction measurements are finding low resistivity pay and providing formation structural dip (Barber et. al., 2004 , Wang et. al., 2006 .
Most of the past studies on resistivity anisotropy were concentrated on flat-lying sand-shale formations. Anderson et. al. (1998) examined the effect of anisotropic crossbedded formations on standard array induction tools in vertical wells. Wang and Georgi (2004) studied the response of a multi-component tool in an anisotropic crossbedded formation. This was the first work to study the sensitivity of all 9 components of a multicomponent induction array in such a situation. In this paper we will show how to obtain the dip of the crossbeding as well as its resistivity anisotropy by the inversion technique as described in Habashy and Abubakar (2004) and Abubakar et al. (2006) .
Forward modeling
The mathematical model discussed in this paper consists of a series of anisotropic beds with arbitrary dip ( α ) and azimuth ( β ) angles relative to the normal of the formation bed boundaries ( z ) as shown in Figure 1 and 2. In each bed, the formation conductivity is represented by a horizontal resistivity ( h R ) and a vertical resistivity ( v R ). θ and φ denote the relative dip angle and azimuth angle between the normal of formation bedding and the tool axis assuming the bed boundaries are parallel to each other. Obviously, when the tool deviation and the tool azimuth angle relative to the global earth coordinate system are given, the true formation bedding dip (structural dip) and true cross-bedding dip (stratigraphic dip) can be easily obtained with the help of α, β, θ, and φ. Gianzero et. al. (1999) derived the analytic solution of the standard induction array in a layered, crossbedded formation when the relative formation dip is zero. The extension to the general case is the on-going work.
A finite difference code has been developed to simulate the triaxial induction arrays in a general three-dimensional anisotropic medium . We solve the wave equation derived from Maxwell's equations in the frequency-domain. The code is designed in the toolcoordinate system whose z-axis coincides with the borehole axis. The conductivity tensor σ of the i-th bed can be explicitly expressed as:
(1) where (2) 
In this paper, a theoretical, 3-coil, mutually-balanced sonde is assumed. The distances between the transmitter and the main receiver and the bucking receiver are 39 in. and 27 in., respectively. The operating frequency is 26 kHz.
The performance of the finite-difference code in the crossbedding formation has been verified by the analytic solution when the relative dip angle of formation bedding is zero. Good agreement between the analytic solution and the result from finite difference method can be observed when finite-difference grids have 28 grid nodes in x-and ydirections and 82 nodes in z-direction. The CPU time was 15 seconds per logging position on a PC with 1.7 GHz processor.
Sensitivity
Sensitivity is defined as the derivative of the traxial induction tool response with respect to the formation parameters. It indicates the importance of the medium parameters to the tool response. In the paper, we will study the sensitivity of a triaxial induction logging in a 3-layer, cross-bedding anisotropic formations. , , , ,
are 1000 mS/m, 200 mS/m, 1000 mS/m, 500 mS/m, 50 mS/m, 500 mS/m, 25º, 30º, 10º, 330º, 30º, 145º, 0', 5', 30º and 0º respectively. The triaixal induction tool response is plotted in Figure 3 . All 9 couplings show up due to no symmetrical plane exists. Figure 4 shows the sensitivity of the triaxial induction response with respect to the formation horizontal conductivity ( figure, we can see the magnitude of the sensitivity in cross-bedding formation is comparable to that of in the homogeneous formation (Wang et. al. 2006) . 
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(mS/m)/deg). Obviously, the sensitivity to formation bedding dip and cross-bedding dip is stronger than that to formation conductivity.
Inversion
An inversion algorithm is developed to simultaneously obtain horizontal conductivity, vertical conductivity, crossbedding dip, cross-bedding azimuth, formation bed boundary position, formation bedding dip, and formation bedding azimuth by using a regularized Gauss-Newton minimization method. For an n-layer formation, the total number of unknowns is (5n+1 
where L denotes the number of logging points.
The formation parameters x are solved iteratively by minimizing the cost function in a multiplicative format (Habashy and Abubakar) defined as follows: We employed a Gauss-Newton method with line search algorithm to solve the non-linear least square problem. Sensitivity function (or Jacobian matrix) is calculated with a coarse optimal grid (16 grid nodes along x and y-axis, 62 grid nodes along z-axis) in order improve the efficiency. The code is designed with the parallelized algorithm and run on a PC cluster with 40 nodes. Non-linear constraints are also implemented in the algorithm in order to force the inverted parameters lied within their physical bounds. This also allows a priori information to be integrated into the inversion procedure.
As an example, we consider inversion of the synthetic data generated from a three-layer formation model.   ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,   2  1  3  2  1  3  2  1  3  2  1  3 respectively. The first layer, second layer and third layer are designed to represent a flat-laying shale formation, a crossbedding anisotropic sand formation and an isotropic sand formation. The synthetic data is contaminated by 5mS/m peak-to-peak random noise. The initial value of bed boundary position is set 1ft away from the true model. The inversion results are shown in Table I Conclusions A sensitivity study of fully triaxial induction logging response in horizontally-layered, crossbedded anisotropic formation has been performed. The results show that the triaxial induction measurement is not only sensitive to the resistivity anisotropy but also to the formation geometry such as the bed boundaries, the formation structural dip and the formation stratigraphic dip. By using an appropriate inversion technique, all above parameters can be obtained simultaneously. Figure 6 The sensitivity of the triaixal induction measurement with respect to the formation bedding dip
